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Particle concentrators are commonly used for controlling ex-
posure levels to ambient ultrafine, fine, and coarse aerosols over a
broad range of concentrations. For ultrafine aerosols, these concen-
trators require water condensation technology to grow and enrich
these smaller sized particles (Da < 100 nm). Because the chemistry
of the particles is directly related to their toxicity, any changes
induced by ultrafine concentrators on ambient particles need to
be better characterized in order to fully understand the results
obtained in health exposure studies. Using aerosol time-of-flight
mass spectrometry (ATOFMS), the size-resolved chemistry was
measured of concentrated ultrafine and accumulation mode (50–
300 nm) particles from several particle concentrators with different
designs. This is the first report detailing the size-resolved distribu-
tions of elemental carbon (EC) and organic carbon (OC) particles
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sampled from concentrators. Experimental measurements of the
single particle mixing state of particles in concentrated versus non-
concentrated ambient air show transformations of ultrafine EC
particles occur as they become coated with organic carbon (OC)
species during the concentration process. Based on relative ion in-
tensities, concentrated ultrafine particles showed a 30% increase
in the amount of OC on the EC particles for the same aerody-
namic size. An increase in the number fraction of aromatic- and
polycyclic aromatic hydrocarbon-containing particles was also ob-
served in both the ultrafine and fine size modes. The most likely
explanation for such changes is gas-to-particle partitioning of or-
ganic components (e.g., water-soluble organic compounds) from
the high volume of air used in the concentrator into aqueous phase
ultrafine and fine aqueous particles created during the particle en-
richment process.

INTRODUCTION
Epidemiological studies suggest that the rates of morbidity

and mortality increase on days with higher than normal airborne
particulate concentrations (Dockery et al. 1993; Schwartz and
Dockery 1992a, 1992b). Adverse health effects have been re-
ported for PM2.5 concentrations below 100 µg/m3 in epidemio-
logical studies, much lower than those observed to cause health
effects in laboratory studies (Pope et al. 1995). In addition to
mass and number concentrations, limited epidemiological stud-
ies show that atmospheric particles of different sizes may be
responsible for different levels of adverse effects (Wichmann
et al. 2000). For example, ultrafine particles may have serious
negative health effects even at low mass concentrations because
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of their high number concentrations, high specific surface area,
and ability to penetrate into the interstitial spaces of the lungs
(Oberdorster 2000; Oberdorster et al. 1992, 1994, 1995). In vivo,
in vitro, and epidemiological studies have shown stronger cor-
relations with ultrafine number concentrations and surface area
than with mass concentration (Brown et al. 2001; Gilmour et al.
2004; Li et al. 2003; Peters et al. 1997). Nevertheless, the adverse
health effects of ultrafine particles need to be further confirmed
as far fewer ultrafine health effect studies have been performed
and thus less is known regarding the mechanisms of the health
effects by ultrafine particles. Current regulations on particulate
matter are based on particulate mass concentrations for PM10

and PM2.5 (particulate matter with aerodynamic diameters less
than 10 and 2.5 µm, respectively) and do not take into account
chemical composition. Despite the observation that ultrafine par-
ticles constitute the largest portion of particle number concentra-
tions in urban areas, they are excluded from current legislation
(i.e., National Ambient Air Quality Standards) because their low
mass concentrations do not allow separation from fine particles
by mass alone.

Besides particle size, mass, and number concentrations, the
toxicity of airborne particles is also closely related to their chem-
ical composition. For instance, for normal rats as well as rats with
chronic bronchitis (CB), the lumen/wall area (LAV) ratio was
found to decrease as concentrations of fine particle mass (e.g.,
silicon, lead, sulfate, elemental carbon (EC), and organic carbon
(OC)) increased (Batalha et al. 2002). However, the association
for sulfate was significant only in normal rats, whereas silicon
was significantly associated in both CB and normal rats; ultra-
fine particles coated with strong acids may cause tissue damage
upon deposition (Chen et al. 1991; Lippmann et al. 1982). In
addition, acids or catalytic metals on the irritant particles can
be more efficiently transferred to the lungs by ultrafine parti-
cles than by an equal mass of larger particles. Investigators have
also suggested that trace metals distributed widely throughout
the lung on ultrafine particles could catalyze the formation of
oxidants within the lung, which in turn may cause tissue damage
(Dreher et al. 1997; Ghio et al. 1996; Wilson et al. 2002).

Since ambient concentrations of ultrafine particles are usually
too low to induce observable acute effects in healthy populations,
several types of particle concentrators have been developed for
exposure studies of fine and ultrafine particles (Demokritou et al.
2002, 2003; Kim et al. 2001a, 2001b; Sioutas et al. 1997). In gen-
eral, particle concentrators typically use virtual impaction to sep-
arate the particles from the bulk of the supporting gas. However,
ultrafine particles cannot be directly concentrated through virtual
impaction because this requires supersonic flow and excessive
pressure drops (Delamora et al. 1990; Hering and Stolzenburg
1995) which lead to high losses of semivolatile species. Further-
more, the requirement of a high-pressure drop makes it imprac-
tical to conduct inhalation studies in animals and humans. To
achieve adequate particle enrichment, the particles are grown
by condensation with water prior to virtual impactor separa-
tion. Concentrated particles are then restored to their original
sizes using thermal (Demokritou et al. 2002, 2003) or diffusion

dryers (Kim et al. 2001a, 2001b; Sioutas et al. 1997). Ambi-
ent particles experience supersaturation, condensation, and des-
olvation/evaporation processes inside the particle concentrator,
which can cause the surface and bulk chemistry of the concen-
trated particles to deviate from “real-world” ambient particles.
These chemical transformations may change their potential for
adverse health effects when animals or humans are exposed to
these particles. Therefore, it is important to understand the ex-
tent of these effects when using an ultrafine concentrator for
exposure studies.

Several characterization studies on particle concentrators
have been performed that primarily focused on model aerosols
using bulk analysis techniques (Gupta et al. 2003; Kim et al.
2001b). These particle phase studies do not include pertinent gas
phase species that can partition into ambient particles during the
concentration enrichment processes. Bulk analysis techniques
based on filter sampling, such as the micro-orifice-uniform de-
posit impactor (MOUDI) (Marple et al. 1991), have been used
to evaluate the mass concentration enrichment of aerosols from
a versatile aerosol concentration enrichment system (VACES)
(Kim et al. 200la, 2001b). The influence of the VACES con-
centrator on ambient aerosols was studied by collecting con-
centrated and non-concentrated particles using MOUDI im-
pactors. These filter-based results showed good agreement in
upstream and downstream mass concentrations of ultrafine EC
(R2 = 0.94), PM2.5 nitrate (R2 = 0.66), and PM2.5 sulfate
(R2 = 0.84) for non-concentrated and concentrated particles.
This study did not report changes in the ultrafine or PM2.5 OC
mass concentrations.

Organic compounds can be the dominant component of par-
ticles smaller than 200 nm. Fine and ultrafine aerosol parti-
cles have high surface-to-volume ratios, and thus their chem-
ical composition can be changed by interaction with gas phase
compounds such as ozone and nitrogen oxides (Poschl 2002).
Concentrating ultrafine particles requires particle growth at high
water saturation ratios followed by size restoration through de-
solvation and evaporation. The importance of aqueous phase
chemistry has been well documented (Ravishankara 1997; Reid
and Sayer 2003) and may play a role in transforming the particle
phase organic species in the concentrator after they are grown
with water. Because off-line bulk analysis techniques can be
affected by artifacts (McMurry 2000; Sipin et al. 2003) mea-
surement and comparison of the chemical composition of the
organic species in individual concentrated and non-concentrated
particles as described herein may provide useful information on
the chemical and physical processes occurring inside a particle
concentrator.

In addition to probing chemical changes, characterization
studies have also been performed on the effect of the VACES
on the physical properties of aerosol particles. A study on the
VACES reported no significant change in the morphology of the
particles (Kim et al. 2001b), however the fractal analysis was
performed in an evacuated environment that could lead to evap-
oration of species which could cause changes in the particle
morphology (Maynard et al. 2000). In contrast, agglomerated
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 439

soot particles, which often represent a significant fraction of
ultrafine particles in urban areas (Hughes et al. 1998; Cass et al.
2000), have been observed to collapse in size due to capillary
forces when exposed to high humidity conditions (Weingartner
et al. 1995). Subsequent removal of water from the particles
grown via condensation may not restore particles back to their
original morphologies.

In this article, results are reported from a chemical character-
ization study of individual concentrated ambient ultrafine (50–
100 nm) and fine (100–300 nm) particles from several ultrafine
particle concentrators. An aerosol time-of-flight mass spectrom-
eter (ATOFMS) was used to probe the aerodynamic size and
chemical composition of individual fine and ultrafine particles,
focusing on the organic and elemental carbon fractions, dur-
ing the course of the ultrafine concentrator experiments. The
compositions of individual concentrated and non-concentrated
particles from ambient air are directly compared to determine
whether the concentrator affects the resulting chemical compo-
sition based on single particle signatures.

EXPERIMENTAL

Experimental Setup
The experimental set-up for the concentrator experiments is

shown in Figure 1. For direct sampling ambient particles, valve
V1 was opened while valves V2 and V3 were closed. For sam-

FIG. 1. Experimental set-up used for the particle concentrator experiments. See text for details.

pling concentrated particles, valve V1 was closed while valves
V2 and V3 were opened. To avoid overwhelming the ATOFMS
with high particle number concentrations, the concentrated par-
ticles were diluted using particle-free air through a HEPA filter.
The non-concentrated or concentrated ambient flow was then
pulled through a MOUDI (MSP Corporation, Model 100) with
a flow rate of ∼26 L/min to remove most of the particles larger
than 250 nm in aerodynamic diameter. The last two impactor
stages with cut-point diameters of 0.1 µm and 0.056 µm were
removed from the MOUDI and the ATOFMS sampled the
remaining smaller particles from the bottom stage (cut-point
diameter 0.18 µm) of the MOUDI. Two identical scanning
mobility particle sizers (SMPS), each consisting of a differ-
ential mobility analyzer (Model 3081, TSI Incorporated) and
condensation particle counter (Model 3010, TSI Incorporated),
concurrently monitored the number concentration of the
non-concentrated and concentrated ambient particles over the
particle size range studied.

Harvard Ultrafine Concentrated Ambient Particle System
(HUCAPS)

Details on the HUCAPS have been described previously
(Demokritou et al. 2002) and are briefly presented here. Am-
bient air was drawn at an input flow rate of 5000 L/min and an
output flow rate of 65 L/min. Particles less than 200 nm in aero-
dynamic diameter were grown by condensation to supermicron
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sizes using deionized water. The saturation ratio (SR) for water,
the ratio of the water vapor pressure to the water saturation va-
por pressure at a given temperature (Hinds 1999), was precisely
controlled. The water vapor is saturated when a saturation ratio
is equal to unity, and the water vapor is supersaturated when the
saturation ratio is greater than unity. The saturation ratio was
typically maintained at SR = 3.0 under normal operating con-
ditions. The grown particles were concentrated through a series
of two virtual impactors with a combined number concentration
enrichment factor (CEF) of 30–50. The concentrated particles
were thermally size-restored by injecting hot, dry particle-free
air (15 L/min) into the concentrated aerosol flow (50 L/min)
to remove excess water from the grown particles. A prototype
of this high volume particle concentrator thermally dried the
concentrated aerosol flow through a series of heated parallel
tubes instead of injecting a hot stream of particle-free air. The
input and output flows of the prototype were 2000 L/min and
20 L/min, respectively.

Versatile Aerosol Concentration Enrichment System
(VACES)

Details on the VACES have been described previously (Kim
et al. 2001b) and will only be briefly presented here. Ambient
air was drawn into the concentrator at a flow rate of 330 L/min.
The total input air flow was divided into three sampling lines and
drawn over a heated deionized water pool with water vapor tem-
perature of 30–35◦C. Particles and vapor from each 110 L/min
flow were cooled to ∼20◦C by drawing the air through a stain-
less steel condenser tube refrigerated in a recirculation antifreeze
bath at −9◦C. The particles grown by water condensation were
then concentrated using a virtual impactor located at the end of
each stainless steel tube each with a minor flow of 5 L/min.
The concentrated flow was diluted with another 5 L/min of
particle-free room air. After the particle sizes were reduced using
diffusion dryers to remove the excess water, the three concen-
trated particle flows were recombined with total output flow of
30 L/min.

Aerosol Time-of-Flight Mass Spectrometer (ATOFMS) and
Data Analysis

The ultrafine-ATOFMS (UF-ATOFMS) used in this work was
developed specifically for characterizing individual fine and ul-
trafine particles. Details of the UF-ATOFMS system have been
reported by Su et al. (2004). Particles were sampled into the
ATOFMS through an aerodynamic lens system which focuses
the particles into a tight, narrow beam through a series of ex-
pansions and contractions. The aerosol undergoes a supersonic
expansion after exiting the aerodynamic lens which accelerates
the particles to specific terminal velocities that are correlated
with their aerodynamic diameters (i.e., smaller particles travel at
higher velocity). Individual particles are aerodynamically sized
in a light scattering region by measuring their transit time be-
tween two scattering lasers followed by desorption and ioniza-

tion in the source region of the mass spectrometer. Positive and
negative ions generated from each hit particle were detected us-
ing a bipolar time-of-flight mass spectrometer, providing com-
plete chemical composition information at the single particle
level.

Mass spectra are calibrated using software developed in the
Prather group (Dienes 2002). A MATLAB neural network al-
gorithm based on a fast adaptive resonance theory (ART-2a)
(Song et al. 1999) uses the dot product of the mass spectra to
cluster the mass spectral signatures based on the degree of sim-
ilarity defined as the vigilance factor. The vigilance factor for
this study was 0.7 with a learning rate of 0.05 at 20 iterations.
Similar clusters were grouped by manual inspection to further
simplify the number of particle types. Because the ATOFMS
exhibits size-dependent particle detection efficiencies (Su et al.
2004), the ATOFMS number counts are scaled using SMPS
number concentrations before determining the fraction of each
particle type.

Concentrator Apparatus and Site Descriptions
Four concentrator systems were characterized in separate lo-

cations. First, a prototype HUCAPS (HUCAPS I) was charac-
terized on the third floor of the medical center annex at the
University of Rochester in Rochester, New York. A second gen-
eration HUCAPS (HUCAPS II) was operated in Chapel Hill,
NC. The third generation HUCAPS (HUCAPS III) was used
in Boston, Massachusetts. Finally, a VACES system was oper-
ated on the first floor of the Nelson Institute Building at New
York University in Tuxedo Park, New York, a rural forested area
approximately 50 miles northeast of New York City.

The HUCAPS I sampled ambient air for an eight-hour period
for two consecutive days during which the ATOFMS sampled
only concentrated particles. The concentrated aerosol flow was
diluted to a 1:14 ratio using particle-free medical grade air. After
this concentrator experiment, the ATOFMS was used to sample
ambient particles directly (non-concentrated) for eight days. De-
tailed results from this eight day ambient study will be presented
in a separate paper (Su et al. 2005). The sampling site for both
the concentrator and ambient experiments was adjacent to a road
with moderate traffic levels where vehicle emissions are known
to be the major contributor to ultrafine and fine particles. Due to
inefficient particle drying in this prototype concentrator (where
parallel heated tubes were used as opposed to the injection of
hot dry air in the advanced model), the concentrated aerosol
flow from the output of the prototype concentrator had a relative
humidity of ∼100%, altering the profile of the number concen-
tration distribution of concentrated particles.

The HUCAPS II injected hot air into the thermal dryer region
after the enrichment process and was maintained at a SR = 3.0.
The sampling site was located at the United States Environ-
mental Protection Agency Human Exposure Facility on the
University of North Carolina, Chapel Hill campus. Ultrafine
particles in this area were mainly emitted by vehicle traffic.
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 441

TABLE 1
Operating parameters for HUCAPS and its prototype

Rochester Boston Chapel Hill

Inlet
Inlet flow 2000 L/min 5000 L/min 5000 L/min
Temperature 21.6◦C 27.5◦C 26.1◦C
Relative humidity 45.8% 50.9% 65.2%

Saturation conditions
Tsaturator — 29.5◦C 27.9◦C
RHsaturator — 72.0% 75.9%
Tcondenser — 6.7◦C 5.9◦C

Drying conditions
Drying flow N/A 8 L/min 15 L/min
Tdrying N/A 121◦C 120◦C
Treshaper N/A 36.4◦C 35.9◦C
RHreshaper N/A 40% 46%

Outlet conditions
Temperature — 27.8◦C 28.0◦C
Relative humidity 100% 60.3% 66.6%
Total outlet flow 20 L/min 58 L/min 65 L/min

Dilution conditions
Diluting air Particle-free Particle-free Particle-free

medical grade air ambient air ambient air
Dilution factor 1:14 1:17 1:48

ATOFMS sampling alternated between non-concentrated and
concentrated particles at 75-minute intervals. A 1:48 dilution
was used for concentrated particles using particle-free ambient
air.

The HUCAPS III differs from the HUCAPS II only by using a
more sophisticated system for feedback control. Ambient air was
sampled on the fourth floor of a parking lot adjacent to an office
building structure. Major sources of fine and ultrafine particles
at this site were largely influenced by vehicle emissions and the
cooking exhaust from several nearby vent ducts from a movie
theatre and a restaurant located in the same building structure.
ATOFMS sampling alternated between non-concentrated and
concentrated particles at 15-minute intervals. A 1:17 dilution
was used for concentrated particles using particle-free ambient
air. Detailed operational parameters for the three HUCAPS sys-
tems are shown in Table 1.

The fourth concentrator tested was a VACES in Tuxedo Park.
Biogenic, biomass, and vehicle emissions were the likely major
contributors to the fine particle composition at this site. Ambient
air was drawn through a PM2 cyclone at 330 L/min. The concen-
trated particle flow was diluted using particle-free ambient air
with a ratio of 1:3 prior to ATOFMS sampling. ATOFMS sam-
pling alternated between the concentrated and non-concentrated
particles at 75-minute intervals.

In the Boston study, the effect of the concentrator on chemi-
cal transformations in a control experiment was investigated by
producing elemental 13C particles using a Palas spark discharge

generator (Palas GFG 1000, Palas GmbH, Karlsruhe, Germany)
with an Ar flow of 4 L/min and a discharge frequency 180 Hz.
The 13C isotope is present in the atmosphere in low natural rela-
tive abundance (1.07%) making it ideally suited for monitoring
changes in particle composition. The 4 L/min Palas generated
13C flow was diluted using particle-free room air flow (1:1250
dilution ratio) to provide a total input flow of 5000 L/min to
the concentrator. ATOFMS sampling alternated between non-
concentrated and concentrated particles at 30-minute intervals.
The experiment was also repeated using particle-free ambient
air. As part of the Boston study, the effect of varying the satu-
ration ratio on the chemical composition of individual ambient
particles was further investigated. Previous studies on the de-
velopment of the HUCAPS have reported an optimal saturation
ratio of 3.0 (Gupta et al. 2003). At saturation ratios less than 3.0,
there is a chance the concentrator does not grow (or activate)
and thus concentrate all particle compositions equally (i.e., hy-
drophobic). The HUCAPS III was operated at SR = 2.5, 2.8, and
3.0 by adjusting the temperatures of the condenser and saturator.

RESULTS AND DISCUSSION

Particle Size Restoration and Number Concentration
Enrichment

Figure 2 shows the number distributions versus particle size
for non-concentrated and concentrated ambient particles at all
four sampling sites (summarized in Table 2). The HUCAPS I
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442 Y. SU ET AL.

FIG. 2. Particle number distribution versus particle size for (a) HUCAPS I, (b) HUCAPS III, (c) HUCAPS II, and (d) VACES.

shifted the number distribution of concentrated particles to larger
sizes (Figure 2a). Based on the total concentrations between
non-concentrated and concentrated particles, the enrichment
process only resulted in a number concentration enrichment fac-
tor (CEF) of 5.6. The CEF is defined as the ratio between the
total SMPS number concentration of the concentrated particles
and the total number concentration of non-concentrated parti-
cles for the size range investigated. The observed CEF is signifi-
cantly lower than the theoretical value of 100 based on the input

TABLE 2
SMPS statistics for non-concentrated (NC) and concentrated (C) particles and concentration enrichment factors

Rochester Boston Chapel Hill Tuxedo Park

NC C NC C NC C NC C

Median (nm) 18 43 40 75 79 87 83 88
Mean (nm) 26 51 69 88 96 100 100 103
Total conc. (#/cc) 22,889 129,410 4093 263,919 5711 227,350 15,662 171,400
Enrichment factor 5.6 63 40 11

flow (2000 L/min) to the output flow (20 L/min) ratio. Under
such high saturation and inefficient drying conditions, particles
may have coagulated, causing the size shift and decreased num-
ber concentrations due to inefficient drying. Additional particle
losses may have occurred when the wet concentrated flow was
transported to the outlet of the concentrator.

The theoretical concentration enrichment factors for the HU-
CAPS II and III are ∼77 and ∼86, respectively, based on the
input and output flow rates. While this high value was somewhat
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FIG. 3. Size dependent concentration enrichment factor for the HUCAPS II and VACES.

difficult to achieve in the initial concentrator, improvements im-
plemented on HUCAPS II and III have achieved CEF values
of 40 and 65, respectively. In some cases, results from HU-
CAPS show incomplete size restoration (Figures 2a and 2b).
The particle drying conditions during the concentrator experi-
ments in Rochester and Boston were not fully optimized as the
temperatures used in these studies for drying the particles back to
their original sizes were too low. Figure 2a and Figure 2b likely
represent the extreme cases for not achieving size restoration.
Other SMPS results using indoor air have shown proper size
restoration for the HUCAPS III (Demokritou et al. 2002; Gupta
et al. 2003). Furthermore, during the HUCAPS II characteri-
zation study, proper size restoration was achieved as illustrated
in Figure 2 with a number concentration enrichment factor of
40, in good agreement with the concentrator experiments per-
formed using indoor air (Gupta et al. 2003). For the VACES, a
proper size restoration was reached throughout the size range
investigated with a CEF of 11 (Figure 2d).

Figure 3 shows the number concentration enrichment factors
across the size range investigated at Chapel Hill (HUCAPS II)
and Tuxedo Park (VACES). For the HUCAPS II, the CEF is rel-
atively uniform from 75 to 150 nm and falls sharply for smaller
sizes which could be due to the fact the smaller particles were not
activated and thus not enriched at the saturation ratios used. For
the VACES, the operating flow rates and saturation ratios (<2.0)

are lower than the HUCAPS systems. Based on the input and
output flow rates, this VACES setup has a theoretical CEF of 11
which is consistent with the observed CEF value that remained
relatively constant for particles above 100 nm (Figure 3). The
CEF drops nearly linearly for sizes smaller than 100 nm, likely
due to inefficient growth of ultrafine particles because this sys-
tem was operated with a lower saturation ratio. Diffusion losses
within the sampling lines may also play a role in the decreased
CEF values for particles below 100 nm.

Effect of Condensational Growth on Chemical
Composition

Particles were categorized into five major classes: EC, EC
coated with organic carbon (ECOC), OC, polycyclic aromatic
hydrocarbons (PAH), and amines. Representative positive and
negative spectra for these five classes are presented in Figure 4.
The most common particle type observed by the ATOFMS in
the ultrafine non-concentrated ambient particles was the EC type
(Figure 4a). The positive ion mass spectrum of an EC particle
exhibited intense peaks at mass/charge ratios (m/z) of 12, 24, and
36 corresponding to 12C+

1 , 24C+
2 , and 36C+

3 . For the ECOC type
particle (Figure 4b), the typical EC peaks were present with the
notable addition of hydrocarbon peaks at higher m/z values (e.g.,
15CH+

3 , 27C2H+
3 , 29C2H+

5 , and 43C3H+
7 ) which are highlighted

by asterisks (∗). A typical OC type particle (Figure 4c) shows
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444 Y. SU ET AL.

FIG. 4. Single particle ATOFMS mass spectra for (a) EC, (b) ECOC, (c) OC,
(d) PAH, and (e) amine type particles.

dominant peaks at m/z=15, 27, 29, 43, 50, and 51. It is important
to note the particle types exhibit a spectral continuum, shifting
from showing mostly EC (peaks at m/z 12, 24, 36, 48, etc.) to
ECOC (a blend of EC and OC ion peaks) to OC dominated spec-
tra (peaks at m/z 15, 27, 29, 43, 50, 51) as size increases. The
labels used to classify these carbonaceous particles are based
on the relative abundances of the dominant peaks in the spectra.
Concentrated particles containing PAH species show high mass
ion peaks above m/z = 170 as shown in Figure 4d. Interestingly,

the negative ion spectra of the PAH particles showed peaks at
m/z −46 (NO−

2 ) and −62 (NO−
3 ) as well as sulfate. The rel-

atively intense peak at m/z −46 can form by fragmentation of
−62 (NO−

3 ), and also serves as an indicator of nitro-PAH species
(Bezabeh et al. 1997, 1999). This observation is consistent with
nitro-PAH species having lower volatility and higher solubil-
ity in the particle phase. Additional markers for aromatic com-
pounds appear as fragment ions at m/z = 77 (phenyl cation,
[C6H5]+) and m/z = 91 (tropylium ion, [C7H7]+), as well as
molecular ions at m/z = 202 (pyrene ion or fluoranthene ion,
[C16H10]+), and m/z = 228 (chrysene ion, [C18H12]+). Amines
were identified by peaks at m/z = 58 or 59 ([C3H8N]+ or
[C3H9N]+) and m/z = 86 ([C5H12N]+) (Angelino et al. 2001)
as shown in Figure 4e.

The particles sampled from all four concentrators showed
changes in their mass spectra, indicating altered chemistry of
the particles. Figure 5 shows the relative number fractions of
the five major particle types detected for both non-concentrated
and concentrated particles. In general, concentration of the par-
ticles resulted in a decrease in the fraction of EC particle sig-
natures, with a corresponding increase in the ultrafine ECOC
and OC fractions. This change in the fractions of the major
particle types reflects how nominally pure ultrafine EC parti-
cles convert to organic carbon and OC/EC ion signals. For the
HUCAPS experiments (Figure 5b and 5c), the most obvious
change for ultrafine particles (50–100 nm) is the depletion of
the relative percentage of EC particles from ∼70% in the non-
concentrated particles to <5% in the concentrated particles, and
the corresponding increase of ECOC particles from ∼10–20%
in non-concentrated particles to 35–55% in concentrated parti-
cles. The increase of ECOC in concentrated fine particles (100–
300 nm) observed for HUCAPS III (Figure 5b) and HUCAPS
II (Figure 5c) is consistent with the size shift observed by the
SMPS and can be explained by organic coatings on particles that
were originally in the ultrafine range (<100 nm). A change was
not observed in the fraction of fine concentrated OC particles
in most cases because most of the fine particles were already
classified as OC. As particles are subjected to the concentration
process, they become more highly coated with organic carbon
(most likely water soluble organic species), and the presence
of aromatic and PAHs are enriched particularly in the ultrafine
region (50–100 nm) for all three urban sites using the HUCAPS
(Figures 5a–5c). In contrast, the ion signals from amines are re-
duced downstream of the HUCAPS, possibly due to volatiliza-
tion losses during the thermal drying process. It is interesting that
the semivolatile amines are reduced downstream of the concen-
trator, whereas the aromatic and PAH species show an increase.
There are several possible explanations for this observation:
(1) the aromatic compounds may have become oxidized or ni-
trated in the aqueous phase, thus lowering their vapor pressures,
or (2) the PAH species became associated with other insoluble
compounds in the particles and thus were not easily removed
upon heating (Herckes et al. 2002), and/or (3) the PAH dissolved
into an organic/aqueous phase whereas the amines remained on
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 445

FIG. 5. Number fraction of EC, ECOC, OC, amine, and PAH particles for (a) HUCAPS I, (b) HUCAPS III, (c) HUCAPS II, and (d) VACES.

the surface of the particles and thus were more easily removed.
Understanding the factors controlling gas/particle partitioning
of organic species and potential aqueous phase processing is an
area that merits further exploration, because increases of these
species in the particle phase has significant toxicological impli-
cations (Bolton et al. 2000).

Very few ultrafine particles were detected by the ATOFMS
from the VACES in Tuxedo Park, most likely as a result of dif-
fusional losses in the long sampling lines required at this site.
The sampling line was several times longer than those used at the
other three sites. These losses were confirmed by the SMPS ultra-
fine concentrations which were reasonably high near the exit of
the concentrator. Decreases in both the EC and ECOC particles
and an increase in amine type particles were observed in the fine
particles (100–300 nm) downstream of the VACES. Semivolatile
and/or water soluble amines originating from combustion and
other sources partitioned onto a large fraction of EC and ECOC
particles, reducing the EC signature in the concentrated parti-
cles. No significant change in the fraction of fine PAH particles
was observed. Compared to the other three urban sites where
the HUCAPS I-III characterization studies were performed, the
composition and concentrations of particulate matter and gas
phase components in Tuxedo Park (a rural forested area) were
very different. Also, the employment of diffusion dryers for re-
moving water from concentrated particles may lower the loss
of semivolatile organic compounds (SVOC). Further studies are
necessary to characterize the composition of VACES concen-
trated ultrafine particles.

Laboratory experiments have shown that the relative humid-
ity difference between the inlet and outlet of concentrators does
not significantly affect the ATOFMS detection of EC, ECOC,
OC, and PAH particles (Spencer et al. 2005). In addition, several
characterization studies of particle concentrators have demon-
strated that the use of virtual impactors does not have a signifi-
cant effect on the potential toxicity of model particles in the fine
(0.1–2.5 µm) size range (Savage et al. 2003), and application
of this concentrator for human exposure studies using ambient
particles has been reported (Ghio et al. 2000). In addition, a
chemical characterization study on a coarse (2.5–10.0 µm) con-
centrator (Demokritou et al. 2002) demonstrated no significant
changes occur in the chemical composition of individual coarse
ambient particles (Moffet et al. 2004). However, neither of these
(fine or coarse) particle concentrators utilize condensation to
grow the particles or require subsequent drying of enriched par-
ticles. Therefore, changes in the particle chemical composition
observed in the particle concentrators investigated in this study
are believed to be mainly due to dissolution of gaseous organic
compounds present in the gas phase upstream of the concentrator
during the particle growth process.

Effects of Saturation Ratio on Concentration Enrichment
Factor and Chemical Composition

The HUCAPS III increased the total particle number con-
centration while altering the chemical composition of the con-
centrated ultrafine particles as a function of saturation ratio
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446 Y. SU ET AL.

FIG. 6. Average SMPS number distribution versus particle size for non-concentrated and concentrated particles at SR = 2.5, 2.8, and 3.0.

(SR = 2.5, 2.8, and 3.0). As shown in Figure 6, the total particle
number concentration was greatly enhanced for all concentrator
saturation ratios while shifting the size profile to larger particle
sizes. In particular, the total particle number concentration was
increased by 64 times (CEF = 64) and the median particle size
was increased from 40 nm to 75 nm at SR = 3.0. The results
at other saturation ratios have been summarized in Table 3. Sat-
uration ratios less than 3.0 were found to be less efficient in
growing particles because the activation for particle growth is
governed by the hygroscopic characteristics of the particles, re-
sulting in lower CEFs. This result is consistent with a previous

TABLE 3
Concentration enrichment factors and SMPS statistics for

non-concentrated (NC) and concentrated (C) particles under
different saturation ratio (SR) in Boston

SR = 2.5 SR = 2.8 SR = 3.0

NC C NC C NC C

Median (nm) 34 65 35 73 40 75
Mean (nm) 57 84 61 86 69 88
Total conc. 5254 21,860 4332 203,274 4093 263,919

(#/cc)
Enrichment factor 4.1 47 63

study which showed that the optimum operating conditions for
the HUCAPS III was determined to be SR = 3.0 for room air
and lab generated aerosols with different hygroscopic properties
(Gupta et al. 2003).

Results from single particle analysis clearly show that compo-
sition changes occur in the concentrators at all saturation ratios.
Figure 7 shows the number fraction of ultrafine (50–100 nm) and
fine (100–300 nm) EC, ECOC, OC, amine, and PAH particles
under non-concentrated and concentrated conditions at different
saturation ratios. The fraction of ultrafine EC particles sharply
decreases after the particles pass through the concentrator for
all three saturation ratios. The amount of chemical change in-
creases with an increasing saturation ratio. As the saturation ratio
increases, the number of pure EC particles decreases, while the
fractions of ECOC and PAH particle types increase. Again, this
suggests that the concentrator is coating the EC particles with
OC and PAH species as discussed.

Processes of Particle Growth and Size Restoration
in the Concentrator

Figure 8 shows the processes of particle growth and desol-
vation/evaporation in the HUCAPS and VACES systems. The
interactions between the gas, aqueous, and particle phases have
been found to be important in acid rain, fog formation and dis-
sipation (Munger et al. 1986), and in the growth of aerosol
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 447

FIG. 7. Number fraction of EC, ECOC, OC, amine, and PAH particles in the (a) ultrafine (50–100 nm), and (b) fine (100–300 nm) modes at SR = 2.5, 2.8, and
3.0.

particles. For example, nucleation processes have been stud-
ied by simultaneously measuring ultrafine particles and gaseous
H2SO4 (Eisele and McMurry 1997; Weber et al. 1996, 1997,
1998) and it has been suggested that organic species contribute
to the growth of ultrafine particles once nucleation has occurred
(Marti et al. 1997; Weber et al. 1997).

During the concentration enrichment processes, ambient air
carrying gas phase compounds and particles is directed into
a chamber where steam is injected to grow the particles to
sizes above ∼1.0 µm by supersaturation and condensation
(Demokritou et al. 2002). As the water condenses, the particle
components become increasingly dilute, and the liquid droplets
will begin to take up gaseous compounds, such as water-soluble
organic carbon (WSOC) species and SO2, as the aerosol re-
establishes gas/particle equilibrium concentrations. Subsequent
rapid aqueous phase reactions, such as the oxidation of sul-
fur and organic species, may occur within the individual aque-
ous droplets. After aqueous phase oxidation reactions, the more
highly oxidized species will have lower vapor pressures and thus
be more difficult to remove when temperatures are increased for
size restoration. Such concentration enrichment processes may
account for the increased fraction of ECOC and OC particles
observed in these concentrator experiments.

The conversion and coating of OC on ambient EC parti-
cles result in the increased number fractions of concentrated
ECOC and OC particles. Studies of fog processing have shown
that species typically associated with the gas phase may occur
more in the particle phase (Blando and Turpin 2000; Fuzzi et al.
2002). Although many gas phase organics released into the at-
mosphere have high vapor pressures and low water solubility
initially, they become more soluble upon atmospheric oxidiza-
tion as well as show increased solubility in the combined aque-
ous/organic phase of fog droplets (Atkinson 2000; Herckes et al.
2002). The organic compounds can be absorbed into suspended
water droplets or liquid layers on the surface of a particle where
they can undergo aqueous phase chemical transformations with
other compounds present in the particle. It is possible some
organic aqueous phase oxidation reactions could lead to reac-
tive oxygen species and this could change their potential toxicity
(Hasson and Paulson 2003). Such aqueous transformations have
been suggested to contribute to secondary organic aerosol (SOA)
formation during fog and cloud processing (Blando and Turpin
2000). One other possibility is that soluble components buried
in the core of the particle could be redistributed throughout the
particle, thus altering the chemical composition of the parti-
cle surface which may have toxicological impacts. Subsequent
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448 Y. SU ET AL.

FIG. 8. Processes of particle growth and desolvation/evaporation occurring in the concentrator.

evaporation of water from these droplets or liquid layers could
leave the low volatility products created by aqueous phase reac-
tions in the particle phase, enriching their concentrations.

In this work, the increased number fraction of PAH-
containing particles exiting the concentrator suggests that
gaseous PAHs upstream of the concentrator partitioned into par-
ticles during the concentration process. The partitioning of gas
phase semivolatile PAHs to the particle phase depends on the
temperature (Sonnefeld et al. 1983) and thus the decrease in
temperature in the saturator could also enhance gas-to-particle
partitioning. PAHs have been shown to have an enhanced solu-
bility in mixed aqueous/organic fogwater solutions (Capel et al.
1991). Smaller molecular weight PAH species (2–3 ring), in-
cluding oxy-PAHs, have been measured in the dissolved phase
of fogwater, while larger PAH species which have lower solubil-
ity were detected in association with insoluble materials (Her-
ckes et al. 2002). The increased presence of PAH species could
have important health effects as oxidized PAH species such as
quinones have been shown to exhibit higher toxicity (Bolton
et al. 2000; Finlayson-Pitts and Pitts 2000; Xia et al. 2004).

Concentrator Induced OC Coating Characterized Using
Elemental 13C Particles

The extent of the coating/partitioning processes inside the
particle concentrator was further investigated using 13C elemen-
tal carbon (E13C) particles generated by a Palas spark discharge

generator. When first produced, E13C particles produce a distinct
mass spectral signature as shown in Figure 9a with character-
istic peaks corresponding to 13C+

1 , 26C+
2 , 39C+

3 in the positive
mass spectrum and peaks corresponding to 26C−

2 , 39C−
3 , 52C−

4 in
the negative ion mass spectrum. A representative spectrum of
an OC coated E13C particle (E13C-OC) is shown in Figure 9b
where the organic ions are highlighted by asterisks. The number
distributions as a function of particle size are shown in Figure 10
for particle-free room air diluted and ambient air diluted E13C
particles under both concentrated and non-concentrated condi-
tions. Note that the concentrated particles are not completely
restored to their original sizes.

The SMPS measurement results are further summarized in
Table 4. The CEF values for E13C particles (Table 4) are lower
than those obtained using the same concentrator for ambient
air (Table 2). One possible explanation is that the surfaces of
EC particles in the atmosphere are more aged/oxidized and thus
not as hydrophobic as the E13C particles produced by the Palas
generator. As a result of their more hydrophilic nature, ambient
EC particles can be grown and concentrated more readily than
the Palas generated E13C particles (Zuberi et al. 2005).

Both the dilution air and processes within the HUCAPS
III altered the fraction of pure E13C resulting in more OC/EC
particles. When the particles were directly sampled from the
Palas generator (diluted 17 times with particle-free room air),
E13C was the dominant (82%) ultrafine particle type observed
(Figure 11a). However, after the 4 L/min flow of E13C particles
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 449

FIG. 9. Single particle mass spectra of (a) an E13C particle, and (b) an E13C-OC particle.

FIG. 10. Number concentration distribution verus particle size for particle-free room air with 13C-containing particles and ambient air with 13C-containing
particles.

D
ow

nl
oa

de
d 

by
 [

63
.1

46
.2

53
.2

06
] 

at
 1

2:
03

 2
7 

A
ug

us
t 2

01
3 



450 Y. SU ET AL.

FIG. 11. Number fractions of different particle types in (a) 13C-containing particles, (b) Particle-free room air with 13C-containing particles, and (c) ambient air
with 13C-containing particles.
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 451

TABLE 4
SMPS statistics for non-concentrated (NC) and concentrated

(C) particles and concentration enrichment factors for the
HUCAPS 13C experiments

Particle-free room air Ambient air

Without 13C With 13C With 13C

NC C NC C NC C

Median (nm) 39.7 72.9 39.0 62.9 30.7 57.5
Mean (nm) 54.3 85.1 41.8 70.5 30.2 70.5
Total conc. 566 22906 37,588 630,314 59,837 911,139

(#/cc)
Enrichment factor 40.4 16.7 15.2

was diluted with a higher volume of 4995 L/min particle-free
room air, even the non-concentrated particles showed a decrease
in the pure E13C signature, representing only about 30% of
the ultrafine particle concentration, with a corresponding in-
crease in the fraction of E13C/OC particles to ∼46%. After pass-
ing through the concentrator, the remaining 30% of the ultrafine
E13C particles were completely depleted. In an E13C experi-
ment using particle free ambient air as the dilution gas, non-
concentrated particles with an E13C signature represented only
2% of the ultrafine particles as opposed to ∼30% in the E13C
experiment using particle-free room air. This difference is very

FIG. 12. OC/EC ion intensity ratios as a function of size upstream and downstream of HUCAPS.

likely due to the higher concentration of semivolatile gas phase
organic species in ambient air over room air. Ideally, to avoid
adding organic species to the particles upon introduction of the
dilution air, one could use denuders to remove the gas phase
species. However, with these high volumes of air, denuding the
air flow would be quite challenging.

Quantification of OC on EC Particle Cores via Tandem
DMA Measurements

Based on the shift in the fraction of particle types, it is clear
the single particle mass spectral signatures for carbonaceous
components change after passing through the concentrator, in
particular for the smaller (ultrafine) particles (Figures 5 and 7).
Specifically, a shift occurs from the mass spectra being dom-
inated by EC (m/z 12, 24, 36) to OC ion peaks (m/z 27, 29,
37, 39, 41, 43, 50, and 51). However, this level of analysis does
not provide a quantitative measure of the amount of the change
occurring that is useful for toxicological studies (Zhao et al.
2005). In order to assess the amount of OC added to the EC
particles, the ratio of the sums of the OC ion peak intensities
divided by the EC ion peak intensities for each particle were
calculated. Figure 12 shows the OC/EC ion intensity ratios as a
function of size for upstream versus downstream particles sam-
pled from the concentrator. The largest difference for upstream
versus downstream OC/EC ratios is observed for the smallest
particles in the 50–100 nm size range (indicated by arrow).
The amount of OC relative to EC increases as a function of
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452 Y. SU ET AL.

size for unconcentrated ambient aerosols, whereas for concen-
trated aerosols the OC/EC ratio remains relatively constant. As
described, the concentrators grow particle sizes through water
steam introduction and condensation processes, and thus a new
equilibrium for water-soluble OC species between the gas and
particle phase must be established under these conditions. In
order to relate the measured OC/EC ion intensity ratios to the
relative mass fractions of EC and OC in individual particles,
tandem DMA laboratory studies were performed in which EC
particles generated with a Palas spark discharge generator were
size selected based on electrical mobility using a DMA and sent
through a flow tube where they were coated with organic carbon
species (Spencer et al. 2005). These OC-coated EC particles
were then size selected using a second DMA before analysis
with the ATOFMS. Using the electrical mobility size along with
aerodynamic size data measured with the SMPS and ATOFMS,
respectively, the mass percentage values of OC coated on EC
were calculated and plotted against the measured OC/EC ion
intensity ratios. A linear relationship was obtained with an R2 of
0.989. Using the linear fit obtained from these experiments, the
measured downstream OC/EC ratio for particles in the 50–100
nm size range corresponds to a 30% OC mass percentage versus
5% OC on EC for the upstream particles for the same (ultrafine)
size range. This suggests that ultrafine particles downstream of
the concentrator have picked up a significant fraction of OC in
the concentration enrichment process. This most likely occurs
when the particles are grown with water in a high relative humid-
ity region (saturation ratio >1). As the organic components in
the particle become more dilute, gas/particle partitioning of wa-
ter soluble organic species shifts from the gas to particle phase
to re-establish equilibrium. Rapid aqueous phase oxidation re-
actions can then occur, and when the particles are restored to
their original size the lower volatility (reacted) organics remain
associated with the particles. In general, it is assumed that the
growth process is reversible and that the species added to the par-
ticle will be removed when particle size is restored (Khlystov
et al. 2005). However, this assumption is only valid if the added
species do not react to form lower volatility products.

A recent study by Wexler et al. studied changes in the VACES
system using another single particle mass spectrometer (Zhao
et al. 2005). The RSMS-3 instrument uses a different laser op-
erating at 193 nm (as opposed to 266 nm, herein) for the laser
desorption/ionization process. The shorter wavelength results
in extensive fragmentation of OC species, making it difficult to
differentiate EC from OC. No attempt was made to distinguish
between OC and EC fractions in their study.

Aqueous-Phase Sulfur Chemistry
The formation of hydroxymethanesulfonate (HMS) was

shown to be enhanced at the Rochester, New York, site dur-
ing the concentration process indicating that aqueous phase
chemistry was occurring in the HUCAPS I. The positive ion
mass spectra for both non-concentrated (Figure 13a) and con-

FIG. 13. ATOFMS spectra of (a) a non-concentrated OC particle, and (b) a
concentrated OC particle.

centrated (Figure 13b) particles featured the expected OC type
fragmentation envelopes centered around the peaks at 12C+,
15CH+

3 , 27C2H+
3 , 37C3H+, and 43C3H+

7 . However, the negative
ion mass spectra showed differences in the sulfur species present.
Sulfur species in the non-concentrated ambient particles were
typically indicated by peaks at 96SO−

4 , and 97H−
4 . However,

after concentration, additional sulfur species were detected as
64SO−

2 , 80SO−
3 , 81HSO−

3 , 96SO−
4 , 97HSO−

4 , and 111HOCH2SO−
3

(HMS). In particular, the presence of hydroxymethanesulfonate
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CHEMICAL CHANGES OCCURRING IN PARTICLE CONCENTRATORS 453

(111HOCH2SO−
3 ) and sulfite 81HSO−

3 in the concentrated par-
ticles indicate that processes involving aqueous-phase sulfur
chemistry occur inside the HUCAPS I concentrator. HMS has
been identified as a tracer for aqueous-phase fog processing
(Munger et al. 1986; Whiteaker and Prather 2003) and chemical
reactions related to the formation of HMS are well documented
(Boyce and Hoffmann 1984; Kok et al. 1986; Lagrange et al.
1999; Munger et al. 1986; Pandis and Seinfeld 1989).

The formation of HMS was found to occur predominantly in
the morning hours. A significant increase in HMS formation was
not observed at the other sites since the concentrator experiments
were performed in the afternoon when competing reactions with
ozone, H2O2, O2 (catalyzed by Mn(II) and Fe(III), and the OH
radical for the oxidation of dissolved SO2 compete with the
formation of HMS (Seinfeld and Pandis 1998). Because strong
acids coated on ultrafine particles can cause tissue damage (Chen
et al. 1991; Lippmann et al. 1982), the enhancement of sulfur
species in individual particles caused by the particle concentrator
should be further investigated.

CONCLUSION
An ATOFMS was used to characterize single fine and ultra-

fine ambient particles from several particle concentrators. The
biggest observed change involved an increase in the relative
amount of organic carbon species associated with ultrafine ele-
mental carbon particles. Unfortunately for these particles sizes
and over the time scales of the measurements, there was too lit-
tle material for traditional EC and OC analysis to be performed.
Thus, it is unknown whether there was more OC overall by mass,
or whether it was just re-distributed to the smaller EC particles.
The most likely reason for the observed chemical change is
partitioning of semivolatile (most likely water-soluble) organic
compounds from the dilution air to wet EC particles. Enrich-
ment in the fractions of aromatic- and polycyclic aromatic hy-
drocarbon (PAH)-containing particles can be attributed to the
conversion and deposition of gaseous water-soluble organic and
PAH compounds onto preexisting ultrafine and fine particles
during the concentration enrichment processes. The findings of
the E13C particle experiment support this hypothesis. For exper-
iments conducted at high relative humidity in the morning hours
in Rochester, the single particle spectra suggest aqueous phase
sulfur chemistry was occurring inside the prototype particle con-
centrator. This is best explained by enhanced partitioning of gas
phase SO2 into the dilute water droplets, in directly analogy to
fog processing.

The goal of this study is to provide information which can
be used by researchers in the health effects community who use
particle concentrators for exposure studies. Human and animal
respiratory systems usually reach near saturation conditions (SR

∼1 or ∼100% relative humidity), lower than the saturation con-
ditions of the concentrators used in these studies. Some of the
gas/particle processes occurring in the concentrator may in fact
occur once particles enter human and animal respiratory sys-

tems, but the degree to which they are similar is not known and
certainly warrants further investigation.

It is important to note that these concentrators represent the
only current way for researchers performing health effects stud-
ies to control and achieve high concentrations of ultrafine am-
bient particles in a reproducible manner. However, the studies
presented herein indicate that when using water based conden-
sation to enrich the particle concentrations, significant changes
can occur to the chemical composition of particles particularly
in the ultrafine size range. A recent study shows a nitrate artifact
varying between 21–159% with the higher values occurring un-
der more polluted conditions. Similar to this study, most of the
nitrate condensed on the smallest particles. The authors point
out that the overall contribution of nitrate to the total (PM1.0)
aerosol mass concentration was small. However, if the purpose
of using the concentrator is to obtain enriched ultrafine particle
concentrations, one needs to recognize the measured change rep-
resents a substantial change in the mass concentration of certain
species associated with the ultrafine particles of interest. Thus,
it is critical when health effects researchers use these concentra-
tors for exposure studies that they recognize they are introduc-
ing concentrated ultrafine particles that have different chemistry
from ambient ultrafine particles. Further studies are necessary
to fully characterize the species formed during aqueous phase
processing, as well as the physical properties (i.e., shape) of
particles being emitted in the concentrated air stream during ex-
posure studies. Subsequently, the toxicological impacts of the
observed chemical transformations occurring in particle con-
centrators need to be further assessed to fully characterize and
understand composition-related health effects in future exposure
studies.
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